Background: Rift Valley fever (RVF) is a mosquito-borne viral zoonosis caused by a phlebovirus and transmitted by Aedes mosquitoes. Humans can also be infected through direct contact with blood (aerosols) or tissues (placenta, stillborn) of infected animals. Although severe clinical cases can be observed, infection with RVF virus (RVFV) in humans is, in most cases, asymptomatic or causes a febrile illness without serious symptoms. In small ruminants RVFV mainly causes abortion and neonatal death. The distribution of RVFV has been well documented in many African countries, particularly in the north (Egypt, Sudan), east (Kenya, Tanzania, Somalia), west (Senegal, Mauritania) and south (South Africa), but also in the Indian Ocean (Madagascar, Mayotte) and the Arabian Peninsula. In contrast, the prevalence of RVFV has rarely been investigated in central African countries.
Introduction
Rift Valley fever virus (RVFV) is a mosquito-borne RNA virus belonging to the Phlebovirus genus of the Bunyaviridae family. RVFV infects both humans and livestock [1] . Although severe clinical cases can be observed, infection with RVF virus (RVFV) in humans is, in most cases, asymptomatic or causes a febrile illness without serious symptoms. Some patients may develop serious complications, including meningoencephalitis (about 1%), hemorrhagic disorders (1%) and ocular disorders (retinitis and uveitis in 12% and about 30% respectively in Saudi Arabia) [2, 3, 4, 5] . The case fatality rate varied widely between different epidemics but ranged between 1% to 13%. RVFV induces abortion and stillbirth in small domestic ruminants, and has a major socio-economic impact in African countries [6, 7] . RVFV is transmitted by Aedes mosquitoes, but humans can also be infected through direct contact with blood (aerosols) or tissues (placenta, stillborn) of infected animals [8, 9] .
RVFV was first isolated in Kenya in 1930 [10] and is now known to be widespread in many African countries, especially in non-forested regions. Until the 1970s, RVF was mainly reported in southern and eastern Africa (mainly Kenya), where it was considered as an animal disease, despite sporadic human cases [11] . After the 1970s, explosive outbreaks occurred in human populations throughout Africa, and principally in Egypt [2, 12, 13] , Senegal and Mauritania (1987) (1988) [14, 15, 16] , Kenya, Somalia and Tanzania, (1997) (1998) (2006) (2007) [17, 18] , Chad (2004) [19] , Sudan (2008) [20] and South Africa (2010) [21] , and also in the Arabian Peninsula (2000-2001) [22] , Mayotte and Madagascar (2007-2008) [23, 24, 25] . In east Africa, RVF outbreaks coincided with heavy rainfall and local flooding, which can lead to expansion of vector populations [26, 27] . RVFV has been detected in many wild animal species (ungulates in Kenya, bats in Guinea, small vertebrates in Senegal and South Africa), but it is not known whether they serve to maintain the virus in the ecosystem during inter-epidemic periods, or whether they contribute to amplifying outbreaks [28, 29, 30, 31] . Although the RVFV cycle in savannas regions is now better understood, possible sylvan cycles in forested regions have not been explored [32] .
In forested central Africa countries, no RVF outbreaks have been described, although RVFV-specific antibodies have been detected in wild animals and humans living in forested areas of Central African Republic (CAR) [28, 29, 30, 33, 34, 35, 36] and RVFV has been isolated from humans and wild mosquitoes (Aedimorphus and Neolaniconion) in the same regions [37, 38] . In Gabon, one of the most densely forested countries of central Africa, RVFV-specific antibodies were episodically detected in humans [35] but no systematic investigation has been conducted. We therefore undertook a large serological survey of RVFV in Gabon, focusing on human rural populations.
Materials and Methods

Studied population
Gabon is divided into nine provinces. Three-quarters of this country surface is covered by forest. Discontinuous areas of savannas are also found, mainly in the south and south-east of Gabon. In total, we collected 4323 serum samples from 212 villages (Figure 1 ), representing 10.7% of all villages in Gabon. No samples were collected in towns or cities. The required sampling population was calculated on the basis of on an estimated RVFV seroprevalence of 5%, and the villages were randomly selected (drawn lots, using a manual method) in the nine provinces. In each village, volunteers were interviewed and sampled. The survey was divided into nine time periods, corresponding to the survey of each 
Data and blood collection
The following data were collected for each participant, using a standard questionnaire: demographics (age, sex, marital status), socio-environmental conditions (main occupation, contact with the forest, contact with animals, eating habits) and health (physical examination, last disease and symptoms 
Serum analysis
The sera were tested with the RVFV sandwich enzyme-linked immunoassay (ELISA) developed and extensively validated by the National Institute for Communicable Diseases, Sandringham, South Africa [39] . The test uses RFVF antigen obtained from the whole virus to detect anti-RVFV IgG antibodies in human samples. Briefly, ELISA plates (Maxisorp, Nunc, Denmark) were coated with mouse anti-RVFV capture antibodies diluted 1:10 000 in PBS overnight at +4uC. RVFV antigen diluted 1:500 in 2% skimmed milk in PBS was then added to the wells. A mock antigen diluted in the same conditions was used as a control. The test and control sera were diluted 1:400. Four high positive controls, two low positive controls and two negative controls were used for each plate. The specific activity of each serum (net optical density -OD) was measured by subtracting the OD of the sample and control wells. The mean net OD was calculated for the high positive control serum and the reactivity of each serum was calculated as percentage positivity (PP) of the high positive control serum, as follows:
PP serum = 100* net OD serum/mean net OD high positive control. Sera with PP values$18 were considered positive and those with values of 17 or below were considered negative. This ELISA method has been validated against a serum neutralisation test [39] .
Statistical analysis
Statistical analysis was used to analyze the distribution of RVFV-specific IgG positive samples among the sampled population, and to determine risk factors and association between factors. We used comparisons of means or frequencies across the two groups (cases and non-cases) with Chi-Square test, T test, or nonparametric tests by MC simulation, and we analyze the association between RVFV-IgG and age with linear regression. We calculate odds ratios (OR) for exposure factors, and adjusted OR with possible confounding factors (age, gender, ecosystem), with
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Results
Characteristics of the population and overall RVFV specific IgG prevalence
A total of 4323 villagers were interviewed with a mean age of 46.9 years (range 15-90 years) ( Table 1) . Females comprised 52.9% and males 47.1% of the total. Seventy six percent of the study participants lived in forested areas, 13% in savanna, and 11% in the lake region. The overall RVFV-specific IgG seroprevalence was 3.3%, with 4.3% in males and 2.5% in females. Seroprevalence was highest in the lake area (8.3%), followed by the savanna (2.9%), and the forest (2.2%). Hunters had the highest seroprevalence of those tested at 4.4%, followed by 3.5% in farmers and 2.4% for other professions combined. In the 212 surveyed villages (Figure 1 ), the RVFV IgG seroprevalence rates varied from 0 to 38%. Three levels of seroprevalence rates were defined: low (0-4%), intermediate (5-15%) and high (.15%) (Figure 2A, 2B, 2C) . So, 155 (73%) villages were at low level, 51 (24%) at intermediate level and six (3%) at high level of RVFV IgG seroprevalence (Table 2 ). In forest and savanna areas, respectively 75% and 87% of the villages were at low level and respectively 24% and 13% at intermediate level. In the lakes region, the RVFV IgG prevalence was .5% in 14 villages (56%) and .15% in 6 villages (24%). Two villages among them (Pointe Elyse and Bordeaux) had high rates, respectively 27% (4/15) and 38% (5/13).
Analysis of risk factors
Only the age, the gender and the ecosystem allowed rejecting the NULL hypothesis (of no significant relationship with RVFVspecific IgG prevalence). In particular, no statistical significance was found according to the activity of the villagers. We calculate ORs with confidence intervals, and p-value of the Chi-Square in a case-exposure test. Results are shown in Table 3 .
Age factor: the age mean in the RVFV IgG positive group was 50.7 and 46.8 in the negative one (p,0.001). We class the age in 5 categories, near quintiles ( [15-33[, [33-44[, [44-54[, [54-61[, [61-90] ) for ORs and risk analysis. A significant (p = 0.00002) linear increase of RVFV IgG prevalence was noted between ordered age groups (Figure 3 ), even with a Bayesian adjustment (EBE) to reduce the variability difference between the groups.
Gender factor: gender shows a strong relationship RVFV specific IgG. The prevalence was higher in the male group (4.32%, OR = 1.75, [1.25, 2.46], Chi-Square = 11.05, p = 0.00089), than in the female group (2.50%, OR = 0.57, [0.41, 0.80], ChiSquare = 11.05, p = 0.00089). In order to highlight a possible confounding factor, adjusted OR with ecosystem or age were performed. These ORs did not show a significant difference (1.68 and 1.59 for the males and 0.59 and 0.62 for the females), showing that age distribution in positive samples has same distribution whatever the gender.
Ecosystem factor: ecosystem shows a strong OR difference (Table 3) , with high risk in the lake ecosystem (OR = 3.2). Adjusted ORs with age and/or gender don't show any confounding factors (Table 4) .
Study of risk factors per ecosystem
In the forest and savanna areas, no significant relationship with RVFV-specific IgG prevalence and possible risk factors were found, except the activity (to be hunter, in these two ecosystems). The results are shown in Table 5 . However, in the lake ecosystem, gender was a very high risk factor (OR = 4.44). Similarly than in the global population, the RVFV IgG prevalence rate increased with age. No other risk factor was highlighted. (Table 6 ).
Logistic regression analysis
Discussion
In this large serological survey, covering 10.7% of all Gabonese villages, we found an overall RVFV-specific IgG prevalence rate of 3.3%. This is surprisingly high for a country in which no RVFV outbreaks have ever been reported. As in Central Africa Republic, where no RVFV outbreaks have been described, successive serological surveys of people living in forested areas, in 1979-82, 1984-85 and 1994-97, showed RVFV-specific IgG prevalence rates ranging from 1.2% to 6.9% [33, 35, 36] . In countries with documented Rift Valley fever epidemics, the RVFV-specific IgG prevalence rates, measured in outbreak areas, were as high as 32% in Kenya in 1997 [17] , 22.3% in Senegal in 1989 [16] and 24.4% in Mauritania in 1998 [40] . During interepidemic periods in Kenya, the RVFV IgG prevalence rates ranged from 1% to 19% [9, 41] . In Tanzania, a 2004 study showed a RVFV-specific IgG prevalence rate of 4% [42] . Thus, these data registered during interepidemic periods from epidemic countries are similar to those found in Gabon.
This result strongly suggests widespread circulation of Rift valley fever virus in Gabon even if the epidemiological cycle and the modalities of this circulation remain unknown. Classically, the RVFV cycle involves domestic animals (livestock) as viral amplifying hosts before transmission to humans, as has been Table 4 . Analysis of RVFV-IgG seroprevalence in the three ecosystems of Gabon with possible confounding factors: gender, age and a combination of age and gender. shown in many African countries [7] . However, in Gabon, cattle herds are rare (except around major cities) and, in the rural areas where our investigations were carried out, few domestic animals such as cows, sheep and goats were found. Thus, in Gabon, the RVFV cycle may involve wild rather than domestic animals. This is supported by the isolation of RVFV from a specific forest mosquito, Aedes (Neomelaniconion) gr. Palpalis [38] , in the Central African Republic and the detection of IgG in pygmies living in regions of this country where domestic animals are virtually absent [34] . One possible reason for the lack of reported RVF outbreaks or even isolated cases in Gabon is that cases of RVF might be attributed to malaria. Alternatively, less virulent strains may be circulating in Gabon. Although cross serological reactions with antibodies against unknown phleboviruses cannot be definitively ruled out, serological cross reactions against known phleboviruses are unlikely as the commercial ELISA method used in this survey has been extensively validated against a serum neutralisation test and was shown to be highly sensitive and specific for routine testing of human samples [39] .
As RVFV transmission may vary with the local environment and vector distribution [41] , we analyzed the results according to the principal ecosystems found in Gabon. We found a significantly higher RVFV IgG prevalence in the lakes region (8.2%) than in forest (2.9%) and savanna (2.1%) areas. The lakes region is the most humid region of Gabon and is mainly composed of swamps and forested lagoons. This ecological situation, with omnipresent surface waters, could favor various mosquito species (or higher densities than elsewhere). A relationship has already been found between RVFV circulation and water resources in Kenya [41] , Egypt [42] , Senegal [43] and Saudi Arabia [44] . However, in Gabon, further investigation is needed to identify the mosquito species involved in RVFV transmission. In this ecosystem, the RVFV IgG prevalence was significantly higher (OR = 4.44, Table 4 ) in males (12.8%) than females (2.8%), and increased regularly with age (Table 6, Figure 3) .
In the lakes region, males spend a large part of the day outside their villages, engaged in agriculture or hunting (or fishing). In contrast, females spend less time in agricultural activities and do not hunt; they remain indoors the rest of the time, cooking and taking care of infants. Thus, the higher RVFV IgG prevalence in males may be due to higher exposure to RVFV vectors or to infected animals. A similar gender difference was found in Kenya in 2006, where males had an RVFV IgG prevalence rate more than three times higher than females [41] . The reasons of the RVFV IgG seroprevalence increase according to age are unknown. This could be compatible with a continuous exposure of Gabonese populations to RVFV but also to a higher rate of exposition to mosquito vector bites infected with RVFV of the older age groups.
In conclusion, this first large serological survey of RVFV in central Africa strongly suggests that the virus circulates widely in Gabon, despite the lack of reported outbreaks. The overall high RVFV seroprevalence observed in Gabon suggests that human cases of RVF may occur but are either misdiagnosed or not reported. However, cross serological reactions with unknown phleboviruses cannot be ruled out. Further investigations are needed to isolate the Rift valley virus from human, animal or mosquito samples, to investigate the putative sylvan cycle of RVFV, and particularly to identify the mosquito species involved in human transmission and the potential role of wild animals as reservoir.
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